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For the majority of social species, group composition is dynamic, and individuals are interconnected in
a heterogeneous social network. Social network structure has far-reaching implications for the ecology of
individuals and populations. However, we have little understanding of how ecological variables shape
this structure. We used a long-term data set (1984e2007) to examine the relationship between food
availability and social network structure in the endangered southern resident killer whales. During the
summer months individuals in this population feed primarily on chinook salmon, Oncorhynchus
tshawytscha, which show annual variation in abundance. We tested the hypothesis that temporal vari-
ation in chinook salmon will correlate with variation in social network structure. Using a null model that
controlled for population demography, group size and sampling effort, we found a significant relation-
ship between the connectivity of the social network and salmon abundance, with a more interconnected
social network in years of high salmon abundance. Our results demonstrate that resource availability
may be an important determinant of social network structure. Given the central importance of the social
network for population processes such as the maintenance of cooperation and the transmission of
information and disease, a change in social network structure caused by a change in food availability may
have significant ecological and evolutionary consequences.
 2012 The Association for the Study of Animal Behaviour. Published by Elsevier Ltd. All rights reserved.
For the vast majority of social species, group composition is
dynamic and individuals move between social groups leading to
a highly interconnected social network. Who interacts with whom
and the local and global population social structures have impli-
cations for central issues in ecology and evolution (Krause & Ruxton
2002; Croft et al. 2008). For example population social structure is
central to the way animals exploit their environment (Hoelzel
1993; Baird & Dill 1996), gene flow (Piertney et al. 1999; Matocq
& Lacey 2004; Wolf & Trillmich 2008), frequency-dependent
selection (Nowak & May 1992; Lieberman et al. 2005), and infor-
mation transfer and disease transmission (Watts & Strogatz 1998;
Cross et al. 2004). Describing the social structure of populations
and unravelling the mechanisms and ecological factors underpin-
ning this is therefore a key research focus in ecology and evolution.
Insights into the evolution of sociality have been gained by
analysing social structure based on group size and composition,
particularly by comparing traits among populations (or species)
living under different ecological conditions (Crook 1965; Jarman
1974; Seghers 1974). This body of work has demonstrated that an
important determinant of population social structure is the distri-
bution and availability of resources. For example, the size of the
group is often limited by the quality and quantity of food available
(Caraco & Wolf 1975; Baird & Dill 1996). Such patterns have been
found across a range of taxa, with groups generally being larger
when food is more abundant (many antelope species: Jarman 1974;
spider monkeys, Ateles geoffroyi, and chimpanzees, Pan troglodytes:
Chapman et al. 1995; various primates: Janson & Goldsmith 1995;
badgers, Meles meles: Kruuk & Parish 1982; ants, Veromessor
pergandei, Pogonomyrmex rugosus, Pogonomyrmex californicus:
Bernstein 1975).While such studies have focused on the level of the
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group, we know very little about how the social dynamics (e.g. the
stability of social relationships) are influenced by the ecological
environment and the implications of this for the social connectivity
of the population.
The social organization of a population is based upon the nature
and strength of interactions between individuals (Gowans et al.
2001). Using a network approach to investigate such social
connectivity in populations provides us with quantitative metrics
to describe the social structure at different levels of organization
from the individual up to the whole population (Lusseau 2003,
2007; Lusseau & Newman 2004; Croft et al. 2006, 2008; Madden
et al. 2009). Social network analysis of animal populations has
been applied in many ways; examples include disease and parasite
transmission (Corner et al. 2003; Guimarães et al. 2007; Böhm et al.
2008; Godfrey et al. 2009; Drewe 2010), cooperative and behav-
ioural assortative interactions between individuals (Croft et al.
2006, 2009), to gain understanding of social organization
(Gowans et al. 2001; Leu et al. 2010), information transfer (Krützen
et al. 2005; Hoppitt et al. 2010), the influence of individuals on
a network (Darden et al. 2009; Jacoby et al. 2010) and the role
individuals play within the network (Lusseau & Newman 2004;
Lusseau 2007). At present the relationship between the social
network structure of a population and food availability is poorly
understood. The little work that has been done suggests that food
availability may play an important role in shaping social network
structure. For example, in a study on female chacma baboons, Papio
hamadryas ursinus, Henzi et al. (2009) found that when food was
scarce, associations became more polarized into both constant and
casual associations. In experiments on European shore crabs,
Carcinus maenas, Tanner & Jackson (2011) demonstrated that when
resources were clumped individuals aggregated into cohesive,
stable subgroups. Moreover, recent work on Atlantic killer whales
by Beck et al. (2011) showed that the strength of associations
among matrilines differed between populations that had different
foraging specializations.
In this study we explored how food availability may impact
population social network structure of the southern resident killer
whales, which exhibit strong social bonds (Mesnick et al. 1999;
Williams & Lusseau 2006) and are organized into highly stable,
matrilineal social units (Bigg et al. 1990). The southern resident
killer whale community is a highly interconnected, closed pop-
ulation (Fig. 1), with no dispersal by males or females from the
maternal group. Southern resident killer whales occur in the
coastal waters of British Columbia and Washington State
throughout the year; however, they are seen most frequently from
June to September (Fig. 2) when they feed on migrating salmonids
(Olesiuk et al. 1990; Ford & Ellis 2006). Chinook salmon, Onco-
rhynchus tshawytscha, comprise the largest proportion of their diet
during this time, supplemented with chum salmon,
Oncorhynchus keta, sockeye salmon, Oncorhynchus nerka, pink
salmon, Oncorhynchus gorbuscha, ling cod, Ophiodon elongatus, and
Pacific halibut, Hippoglossus stenolepis (Ford & Ellis 2006). Recent
work by Ford & Ellis (2006) and Hanson et al. (2010) shows that
from June to September chinook salmon makes up more than 90%
of the southern resident killer whales’ diet. There is well-
documented temporal variation in the abundance of chinook
salmon (Fig. 3). These fluctuations may be caused by a combination
of anthropogenic impacts and El Niño conditions affecting the
survival of juvenile salmon (Slaney et al. 1996; Lackey 2003;
Beacham et al. 2008). Previous research found that declines in
chinook salmon abundance are correlated with reduced killer
whale reproductive success (Ward et al. 2009) and higher mortality
rates (Ford et al. 2010). We examined the impact that a change in
food availability may have on a population’s social dynamics. We
predicted that in times of low salmon abundance the population
will be socially fragmented, as individuals would have to spend
more time foraging over awider area, thus limiting the opportunity
for social interactions.
METHODS
Data Collection
From 1984 to 2007 sightings of southern resident killer whales
were documented by photographic census throughout the year by
the Center for Whale Research, San Juan Island, WA, U.S.A.
(48.551130N, 123.075633W). All observations were carried out
from boats (9 m trimaran and 5.5 m Boston Whaler). During each
sampling day, every individual killer whale encountered was
photographed by trained staff using Canon or Nikon SLR cameras
with 300 mm fixed lenses (1984e2004) or with Canon or Nikon
DSLR cameras with fixed 300 mm or 80e200 mm lenses
(2003e2007). Sampling was limited to conditions suitable for
photoidentification: no rain and relatively calm sea state (less than
Beaufort 4). Individuals were identified by their unique fin shapes,
saddle patches and the presence of any nicks or scratches, and
sexed using the distinctive pigmentation patterns around the
genital slits (Ford et al. 2000). We used data from 15 June to
15 August each year which is in the middle of the time when the
chinook salmon are most abundant and form the major part of the
southern resident killer whales’ diet (Hanson et al. 2010). During
this time observations were made on a total of 536 sampling days
(mean  SD ¼ 22.33  9.13 days/year) and a total of 10 208 unique
photographs were taken which were of sufficient quality for
accurate identification. Every individual encountered was identi-
fied and included in subsequent analysis, regardless of age or sex.
Animals travelling together will usually occupy the same
channels of water (i.e. will not take different routes around an
island). To define social associations we followed the methods
presented in Parsons et al. (2009), which recognizes that individuals
within acoustic proximity have the opportunity to interact. We
assumed that all animals photographed within acoustic range
(approximately 10 km; Miller 2006) were part of the same group.
Every attempt was made to photograph all individuals present,
which was facilitated by the fact that killer whales travel in close
physical proximity (Bigg et al. 1990; Ford et al. 2000; Parsons et al.
2009).
To estimate chinook salmon abundance we used data provided
by the Pacific Salmon Commission (www.psc.org). During the study
period (15 Junee15 August) the southern resident killer whales
Figure 1. An example of the densely connected social network structure showing
all HWI associations during the high salmon periods (15 June to 15 August) for 2007
(J pod (B), K pod (,) and L pod(Δ)). Figure drawn using network visualization
software, UCInet (Borgatti et al. 2002).
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often occur from the upper Georgia Strait to the Oregon Coast
(Fig. 2) as they follow the migrating salmon. For this region we
quantified the abundance of chinook salmon using catch data
provided by the PSC (Fig. 3). The PSC undertake test fisheries during
June to August to provide an estimate of chinook salmon abun-
dance based on the number of fish caught, which is compared to
a reference period (1979e1982; see www.psc.org for full details).
Social Network Analysis
Tominimize bias from sampling techniques (Lusseau et al. 2006;
Croft et al. 2008), and to maximize the comparability with other
cetacean association studies (Bräger et al. 1994; Lusseau 2003;
Lusseau et al. 2006; Möller et al. 2006; Williams & Lusseau 2006;
Gero et al. 2008; Beck et al. 2011), we used the half-weight index
(HWI) as a measure of strength of associations between individuals
(see Croft et al. 2008 for further details). Association patterns were
calculated within each year from 1984 to 2007 using the HWI.
Association matrices based on the HWI were calculated using
SOCPROG 2.4 (Whitehead 2009).
For each annual configuration we quantified both global and
local population structure using weighted network measures
(Lusseau et al. 2008). To quantify the global connectivity of the
population we used the average weighted path length (L), which is
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Figure 3. Chinook salmon abundance index, 1984e2006 calculated as the number of
fish caught in specific areas in the Pacific North West divided by the total catch for the
reference period from 1979 to 1982 (see PSC web site for full details http://www.psc.
org/info.htm). Figure redrawn from data courtesy of the Pacific Salmon Commission
(2008).
Figure 2. Summer range of the southern resident killer whales in the coastal waters of southern British Columbia and the coastal waters of Washington State. Figure redrawn from
Hauser (2006).
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defined as the shortest distance from an individual to the rest;
a shorter path length may result in faster information or disease
transfer between individuals. To quantify the local population
structure we used the weighted clustering coefficient (C), which is
defined as the connectivity between an individual’s neighbours;
a high clustering means that the social network is highly inter-
connected on a local scale. We also calculated average weighted
degree centrality (k), which is defined as the sum of the strength of
the associations that an individual has and the mean HWI for the
network, which provides a measure of the average strength of
association. All network measures were calculated in R using the
tnet library (Opsahl 2009).
As the social networkmeasures that describe the global and local
population structure are not independent (Croft et al. 2008) we
combined the measures using a principal components analysis
(PCA). To determine which component(s) to use in the analysis we
used the KaisereGuttman criterion, where we calculated the
eigenvalues for each component of the PCA, and included compo-
nents with an eigenvalue greater than one (Jackson 1993). We first
explored the effect of salmon abundance on population and group
size, and population and group size on social network PCA score,
using a Spearman rank correlation. We then used a Spearman rank
correlation to examine the relationship between the PCA of the
network measures and chinook salmon abundance. To account for
autocorrelations in our network data, and to control for group size
distributions, demographic effects and sampling, we used
a randomization test to calculate significance (Bräger et al. 1994;
Whitehead 1999; Croft et al. 2011). This was performed on the
group-baseddata using swaps of individuals between groupswithin
each sampling year, before calculating a Spearman rank correlation
for that data for each randomization. Five thousand randomizations
were generated with 100 swaps per randomization. Randomiza-
tions were programmed in cþþ (www.cplusplus.com).
Ethical Note
From 1984 to 2004, the data were collected under whale watch
guidelines that are endorsed by the governments of the U.S.A. and
Canada in lieu of a regulatory scheme; it is not considered invasive
or illegal towatchwhales in either country. From2005 onwards, we
operated under federal permits (MMPA permit number 532-1822
and/or DFO licence number 2006-08/SARA-34) in both the U.S.A.
and Canada that allowed approaches closer than the whale watch
guidelines (100 m approach distance) on a specified number of
occasions for research purposes. We complied with the approach
guidelines and the requirements (including reporting) of the
scientific permits issued to us.
RESULTS
There were 168 individuals (80 females, 69 males and 18 indi-
viduals of unknown sex) documented during the 24-year period.
The population size in any given year ranged from 71 to 98
(mean  SD ¼ 85  6.6).
Component 1 of the PCA was the only component with an
eigenvalue greater than 1 (3.72), so we retained this component,
which described 93.1% of the variance and was used for all subse-
quent analysis. Clustering coefficient, degree centrality and mean
HWI all loaded positively onto the PCA (0.491, 0.500, 0.511,
respectively), while path length loaded negatively (0.498). Thus
a high PCA score indicates a high clustering coefficient, degree
centrality and mean HWI, and a low path length.
We found no significant relationship between salmon abun-
dance and population size (rS ¼ 0.307, N ¼ 24, P ¼ 0.154) or
between population size and social network PCA score (rS ¼ 0.074,
N ¼ 24, P ¼ 0.738). However, there was a significant positive rela-
tionship between salmon abundance and group size (rS ¼ 0.457,
N ¼ 24, P ¼ 0.025) and group size and social network PCA score
(rS ¼ 0.686, N ¼ 24, P < 0.001). In times of high salmon abundance
groups tended to be larger, which is reflected in the social network
as higher clustering coefficient, degree centrality and mean HWI,
and a lower path length. We controlled for these relationships with
our randomizations.
Group-based randomizations (controlling for group size effects,
demographics and sampling effort) showed a significant relation-
ship between the social network structure and chinook salmon
abundance during the study period (rS ¼ 0.412, N ¼ 24, P ¼ 0.020;
Fig. 4). In years of high chinook salmon abundance the social
network exhibited a high clustering coefficient, degree centrality
and mean HWI, and a low path length (Fig. 4).
DISCUSSION
Based on the analysis of association data over a 24-year period,
our results demonstrate a significant relationship between social
network structure and food availability. In times of high chinook
salmon abundance the southern resident killer whale population is
characterized by a highly interconnected social network with
a high clustering coefficient, degree centrality and mean HWI, and
a low path length. This relationship is not simply an effect of
population demography, group size or sampling effort, all of which
were controlled for in our analysis. To the best of our knowledge
this study is the first to examine the relationship between resource
availability and both the local and global connectivity of the
population social network structure in a free-ranging population.
It is well documented that resource availability can lead to
changes in group size (Jarman 1974; Bernstein 1975; Caraco &Wolf
1975; Kruuk & Parish 1982; Clark & Mangel 1984; Chapman et al.
1995; Janson & Goldsmith 1995; Baird & Dill 1996). We found
a significant relationship between salmon abundance and group
size, with larger groups forming in years of high salmon abundance.
We would expect to see this, as more abundant food resources can
support larger groups, with reduced competition (Chapman et al.
1995; Krause & Ruxton 2002). Group size also had a significant
effect on the population social network structure and when the
mean group size was small the social network had low clustering
coefficient, degree centrality, mean HWI and a high path length.
We found an effect of salmon abundance on the social network
structure over and above the effects that could be explained by
variation in group size. In times of low salmon abundance the
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Figure 4. Relationship between PCA score of network measures and chinook salmon
abundance from 1984 to 2007.
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population was characterized by a less connected social network
than in times of high salmon abundance. Killer whales benefit from
cooperative food searching; however, they are not thought to hunt
cooperatively (Baird 2000). Beck et al. (2011) demonstrated that
killer whale family groups remain stable over time, regardless of
their prey choice; however, our results suggest that the social
connectivity both within and among groups is affected by prey
availability. We suggest that our results are influenced in part by
a trade-off between foraging effort and social activity. Thus in
periods of low salmon abundance increased time spent searching
for prey may reduce the opportunity for social interactions within
the group. Reduced time for social interactions is also indicated by
a significant decline in the rate of association among whales during
years of low salmon abundance (Parsons et al. 2009). In support of
this suggestion previous work has demonstrated that when prey
are scarce or patchily distributed, killer whales not only have to
invest more time in locating prey, they also spendmore time spread
out, away from the rest of the group (Felleman et al. 1991). In
addition, killer whales have been observed travelling much further
during times of low food availability (Nichol & Shackleton 1996).
This behavioural adaptation has also been observed in long- and
short-finned pilot whales, Globicephala melas and Globicephala
macrorhynchus, sperm whales, Physeter macrocephalus (Whitehead
1989), common dolphins, Delphinus spp., spotted dolphins, Stenella
frontalis, and spinner dolphins, Stenella longirostris (Norris & Dohl
1980). Similar patterns have also been observed in terrestrial
animals such as insectivorous primates (Janson & Goldsmith 1995)
and elephants, Loxodonta africana (Wittemyer et al. 2005). Our
results suggest that low food abundance limits the opportunity for
social interactions; however, there are exceptions to this. For
example, in a study on female chacma baboons, Henzi et al. (2009)
observed cyclic changes in the patterns of interaction with an
increase in the strength of social bonds during times of low food
availability.
The changes we observed in social network structure in the
current study are only partly explained as a function of food
availability. We found no relationship between salmon abundance
and population size or population size and social network. Previous
work suggests that theremay be a lagged impact of food availability
on population size. This has been shown for the northern and
southern resident killer whale populations in terms of both survival
(Ford et al. 2010) and fecundity (Ward et al. 2009). A number of
other ecological factors that were not measured may have had an
impact on the structuring of the population social network. In
particular, the distribution of resources may have had a strong
influence on the opportunities for social interactions (Tanner &
Jackson 2011).
Changes in social structure may have significant implications for
population processes such as information and disease transmission
(Krause & Ruxton 2002; Croft et al. 2008). Nonrandom networks
with high clustering and short path length have been shown to be
susceptible to disease outbreaks (Guimarães et al. 2007). The
southern resident killer whales, in times of low chinook salmon
abundance when the population is less interconnected, may be less
vulnerable to an epidemic outbreak. This may be particularly
important, as in times of low food availability individualsmetabolize
fat which releases pollutants such as polychlorinated biphenyls
resulting in increased susceptibility to disease (Ford et al. 2010).
When food is abundant, the southern resident killer whale social
network is highly connected, which may provide a number of
benefits including increased opportunities for mating and infor-
mation transfer (Croft et al. 2008).
The predominant application of social network analysis to
nonhuman animals has been to investigate the internal factors
affecting social dynamics (e.g. Parsons et al. 2003; Croft et al. 2005;
Williams & Lusseau 2006). Our investigation demonstrates the
potential of using a network approach to investigate the relation-
ship between the ecological environment and population social
dynamics. This approach is applicable to other species, and such
understanding is invaluable when designing effective conservation
and management plans.
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